The single-stage TMP is investigated by the direct simulation Monte Carlo (DSMC) method with a three dimensional analysis in a rotating reference frame. The generalized soft sphere (GSS) model and the modified Larsen-Borgnakke model are applied to simulate the intermolecular collisions. The pumping performances of TMP application with different gases on the same blade speed ratio are compared and analyzed in detail. The influence of clearance between the housing and rotor walls on them is predicted and analyzed. The performances and flow field characteristics of TMP pumping gas mixture are simulated, and the results for pumping performances are compared with the results by linear combination of each single gas. The present DSMC calculation results agree with the experimental data better than the former DSMC calculation with VSS model and general Larsen-Borgnakke model in the transitional flow.
Introduction
A Turbomolecular pump (TMP) is one of the key apparatus to create or maintain its high and ultrahigh vacuum. It works mainly in the conditions of free molecular and transitional flows, where the Navier-Stokes equations of continuum gas dynamics can not be correctly applied. The single-stage TMP which consists of multiple blade rows establishes the density difference by acting as a barrier of different permeability to the molecules incident upon its high-and low-density sides. With the appropriate blade geometry, molecules incident upon the blades from the upstream side have greater probability of being transmitted through the blade row by momentum transfer from the rotating blade than the molecules incident from the downstream side by diffusion. Figure 1 shows the scheme of a single-stage TMP with 24 blade rows.
After Becker (1) first introduced TMP, some analytical and numerical methods, such as
Monte Carlo method and Schaetzles relaxation techniques, were applied to calculate the pumping performances of single-stage TMP with more or less simplifications or assumptions which made the calculation limited to free molecular flow or resulted in some unreasonable results (2) . The pumping performance of TMP for the case of a single gas was predicted by DSMC on the assumption of two-dimensional infinite blade row (3) , thus it didn't consider the interaction between the molecules and the root and housing walls and the effect of the clearance between the rotor and housing walls, which have a noticeable influence on the pumping performances, especially in the case of translational flow. The single-stage TMP with single gas, without any geometrical assumption was simulated by DSMC with VSS and general Larsen-Borgnakke model (2) , but the discrepancy between the experiment data and the calculations showed to be significant in the transitional flow. It's particularly important to accurately simulate a single stage, since the final pumping performances will be a combination of tens of stages. Furthermore it should be noted that all the former studies were focused on the TMP applications with a single gas. In fact TMPs are in most cases applied with gas mixture.
In this paper, the DSMC with GSS model (4) and the modified Larsen-Borgnakke model (5) is applied to simulate single-stage TMP with both single and mixture gas without geometrical simplifications. 
Nomenclature

Numerical Analysis
The DSMC calculations are carried out for one blade row and the pumping performance of the TMP is estimated for the single stage. A three dimensional analysis in a rotating reference frame is proposed to simulate the flow field. The calculation domain and the cell division are displayed in Fig. 2 . The size of non-uniform cell varies with the density distribution for the statistics meaning. They are selected to be small enough to neglect the change in flow properties across each cell and are the order of local mean free path. In each cell, four sub-cells are adopted and the individual collision pairs are chosen from the sub-cell. To implement the uncoupling of molecular motion and collision in DSMC calculation, the time step is much smaller than the mean collision time. In order to simulate the molecular collisions in gas mixture flow accurately, the species groups are employed in the procedure.
Fig. 2 Calculation domain and cell division
The main performance indices of a TMP are the pumping speed and the pressure ratio. Two extremes, the maximum pumping speed max U and maximum pressure ratio max K can be used to evaluate its pumping performances. The pumping speed has its maximum value when the inlet pressure i P is equal to the outlet pressure o P . Maximum pressure ratio will be observed at zero net flow ( 0 U = ), where the number of the incoming molecules is equal to the number of the outgoing molecules at both exits. In this study, for calculating the maximum pressure ratio, o P is given as input data while i P is the output data, and the pressure ratio is calculated by / o i P P .
The definition of the pumping speed gives 
Here erf is the error function, while i s represent the ratio of the stream velocity to the most probable molecular thermal speed. 
Because the hard sphere scattering law leads to an incorrect ratio of the diffusion to viscosity cross-section, the GSS model uses a soft sphere scattering model to calculate the deflection angle 
In virtue of a two-term formula given to fit the numerical solutions of collision integrals, the parameters of the GSS model are determined. It was satisfactory found that the gas properties including coefficients of viscosity, self-diffusion and diffusion from the GSS model were in better agreement with the experimental data than other models over a wide temperature range.
Introduction to the modified Larsen-Borgnakke model
The Larsen-Borgnakke model with the appropriate modifications by Hash et al (5) for generalized molecular model is used in this work to model the energy exchange between the translational and internal modes. As an alternative to the VHS and VSS models (7) , they suggested an averaged relative translational energy in a Hinshelwood type distribution for the generalized model
where t ζ is translational degree of freedom and is calculated by ( )
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With this choice, all computational procedures employed in the VHS and VSS computation can be implemented for the present model. The only additional complexity results from the calculation of the cell temperature. The vibrational energy is ignored because of the moderate temperature.
The present work uses a pair selection methodology for the Larsen-Borgnakke method in which the probability is applied to the pair of colliding particles, and both relax if the event is accepted. The probability for the pair selection methodology for rotational relaxation applied is
where R ζ is the rotational degree of freedom and R Z is the rotational relaxation number, which is determined by Paker's formula (5) :
( ) ( ) ( )
where
Macroscopic properties in the rotating reference frame
A three dimensional analysis in a rotating reference frame is proposed in this study. In the rotating frame, the free motion of the simulated molecules is no longer straight as a result of the Coriolis and centrifugal accelerations. When R is denoted as the position of a molecule relative to the original point in the inertial coordinate system and ' R in the rotating reference frame, the velocity and acceleration of molecules are obtained as the following:
where ω is the angular velocity of the rotating coordinate system, which is in the opposite direction to the rotating speed of the rotor. Thus, after neglecting the effect of gravity and with the initial conditions, the equations of molecular motion and molecular velocities in the rotating reference frame are obtained.
The macroscopic properties including the number density, the velocity observed in the rotating frame and pressure over the flow field are obtained in each cell by sampling. Those macroscopical physical quantities can be gotten directly except for the pressure on the rotating reference frame. The pressure is defined as follows: 
here c is the molecular velocity and 0 c is the mean velocity.
After using Eq. (11), t c can be expressed as
where ' c , 0 ' c and 0 ' R denote the molecular velocity, mean velocity and molecular mean position, respectively in each cell in the rotating reference frame. If we define
+∆ , the following expression can be obtained:
Results and Discussions
Comparison with experiment data and previous calculation results
To verify the validity of the simulations, the present calculation results are compared with the experimental data (8) and former DSMC calculations with (2) , in which the working substance was air. In this work, the collision rotation number of air is calculated by the following equation which has been proven valid (9) : The presents results compared with the experiment data and the previous calculation results are shown in Fig. 3 
Pumping performance analysis with different gases
The TMP pumping different gas normally has different pumping performances on the same blade rotating speed because of the different molecular physical properties. In this work, the pumping performances of TMP for application with H 2 and N 2 on the same blade speed ratio are investigated in virtue of the transmission probability. Figure 5 shows that the maximum pumping speed of TMP in the case of H 2 is much higher than that obtained with N 2 on the same blade speed ratio. On the contrary, their maximum pressure ratios are very close to each other as displayed in Fig. 6 . In free they behave same. In transitional flow, the maximum pressure ratio of TMP pumping H 2 becomes little higher than that of TMP for application with N 2 . The two figures also demonstrate that the gradient of maximum pressure ratio with respect to outlet pressure is steeper than that of maximum pumping speed in the transitional flow range. Figure 7 and 8 show the transmission probabilities for the two opposite directions, corresponding to the calculation conditions of Fig. 5 and Fig. 6 , respectively. In free molecular flow the two gases almost have same transmission probabilities, but in transitional flow, the transmission probabilities of H 2 at both sides are higher than that of N 2 . At the same temperature, the most probable molecular thermal speed of H 2 is 3.72 times higher than that of N 2 . The blade speed of TMP pumping H 2 is 3.72 times higher than that of TMP pumping N 2 . Though the mean collision frequency of H 2 is about 1.8 times higher than that of N 2 at the same temperature and the same molecular number density, the intermolecular collision number in H 2 flow is still lower than that in N 2 flow during the process of molecule passing through the blade channel because of much higher molecular speed of H 2 .
In free molecular flow, compared with the collision between the molecules and the blade surfaces, the intermolecular collisions are less important, so the two gases have the same transmission probabilities as displayed in Fig. 7 and 8 . But within transitional flow range, the intermolecular collisions can't be neglected any more. The less intermolecular collisions in H 2 flow lead to the higher probability of H 2 to pass through the blade channel. According to Eq. (3), the net effect of the intermolecular collisions to the maximum pressure ratio is the higher maximum pressure ratio of TMP pumping H 2 . Figure 7 shows that there is no major difference in the transmission probability difference 12 21
between TMP pumping H 2 and N 2 under the condition of zero pressure difference between inlet and outlet. Furthermore the lighter mass of H 2 causes a higher inward molecular number according to Eq. (2). The two factors generate the higher maximum pumping speed of TMP pumping H 2 as displayed in Fig. 5 according to Eq. (1). The change in the transmission probability difference is also very small with the increasing of the outlet pressure as seen in Fig. 7 , which results in the small maximum pumping speed gradient with respect to outlet pressure in Fig. 5 . That is to conclude that the intermolecular collisions have weak influence on the transmission probabilities difference at zero pressure difference between inlet and outlet.
The influence of clearance to the pumping performances
The three-dimensional TMP simulation without geometrical simplification has the advantage of calculating the influence of the clearance between the housing wall and rotor wall to the pumping performances accurately. Figure 9 and Figure 10 show the relationship between the clearance which varies from 0.1mm to 0.8mm and the transmission probabilities on the condition of zero pumping speed and zero pressure difference between inlet and outlet, respectively. In Fig. 9 , with the increase of the clearance, the increasing extent of 21 M is more than that of 12 M , which results in a reduction of the maximum pressure ratio about 11.5%, as displayed in Fig. 11 . However the effect of the clearance to the maximum pumping speed is weak. As shown in Fig. 12 , the maximum pumping speed decreases only of 4.4% when the clearance size increases from 0.1 mm to 0.8 mm because of the small change of transmission probability difference in Fig. 10 . 
Simulation of single-stage TMP application with gas mixture
Taking the case of He-N 2 binary gas mixture, the pumping performance and flow field characteristics of TMP pumping gas mixture are simulated and analyzed.
Pumping performance calculation of TMP application with gas mixture
The linear method combining the results of concerned single gas for maximum pressure ratio is expressed in Eq. (18) and that for maximum pumping speed is demonstrated in Eq. (19). The difference between the linear method and the real gas mixture simulation is that the linear method does not consider the unlike molecular collisions and replace it by the like molecular collisions. ( , )
Here, j x denotes the gas j , j f is the pressure fraction of gas j and I is the number of gas species. 
M M −
and the inward molecule number. Equation (2) indicates that for calculating the inward molecule number, the linear method is the same as with the real gas mixture simulation. Since the intermolecular collisions have weak influence to transmission probabilities difference at zero pressure difference between inlet and outlet as displayed in Fig. 7 , the intermolecular collision model becomes less important in this case. Therefore the final effect is that the similar calculation results are obtained for the maximum pumping speed with the real gas mixture simulation and the linear combination method. Figure 15 and 16 show the relationship between the pumping performances and the outlet pressure fraction of N 2 in He-N 2 gas mixture at the total outlet pressure of 1.33 Pa. Because of the higher molecular thermal speed of He, the maximum pressure ratio of TMP in case of N 2 is much higher than that in case of He on the same blade speed. Figure 15 displays that the maximum pressure ratio increases with the increasing of outlet pressure fraction of N 2 . On the contrary, the lower molecular mass of He leads to a higher inward molecule number which results in the higher maximum pumping speed in comparison to that of TMP applied to pump N 2 on the same blade speed, which therefore causes the decrease of the maximum pumping speed of He-N 2 gas mixture with the increasing outlet pressure fraction of N 2 as seen in Fig. 16 . The linear relationship between the maximum pumping speed and the outlet pressure fraction of N 2 shown in this figure illustrates the similar results of maximum pumping speed between the linear combination method and the real gas mixture simulation again.
Flow field simulation of TMP application with gas mixture
The flow field characteristics of the single-stage TMP in case of He-N 2 gas mixture at zero net flow are calculated in this work. The input data are same as in Fig. 13 .
The pressure distribution of contour lines shown in Fig. 16 indicates that the pressure drops more quickly near the outlet than in other regions. Figure 17 shows that the pressure fractions of N 2 and He vary from inlet to outlet linearly.
The particle traces of N 2 and He in the gas mixture flow are displayed in Fig. 18 and 19, respectively. Large swirl patterns are observed in these figures. One swirl is formed by the N 2 flow and another one is formed by the He flow. The swirl center of N 2 flow is in lower and outer position compared with the swirl center of He flow because of its higher molecular mass. 
Conclusions
The DSMC with GSS model and the modified Larsen-Borgnakke model is applied to simulate single-stage TMP. In comparison with previous DSMC simulations based on VSS model and the general Larsen-Borgnakke model, the present models generate better agreement with the experimental data.
The pumping performances of TMP applied to pump H 2 and N 2 on the same blade ratio are compared and analyzed. The maximum pumping speed of TMP in case of H 2 is much higher than that of N 2 , but the maximum pressure ratio makes no difference in the free molecule flow regime. In transitional flow, the maximum pressure ratio of TMP in case of H 2 is higher than that of TMP in case of N 2 .
The influence of the clearance between the housing and rotor walls to the pumping performances is investigated. The TMP performances are affected by clearances: the effect is dramatic on the maximum pressure ratio, but less important on the maximum pumping speed.
Both the pumping performances and the flow field characteristics of TMP applied to pump He-N 2 gas mixture are studied in this work. The maximum pressure ratio obtained from the linear combination is very close to the results from the real gas mixture simulation in free molecule flow regime, but the difference becomes significant in the transitional flow range. The maximum pumping speeds simulated by the linear combination method and the real gas mixture simulation are almost the same in all the calculation ranges. With the increase of the pressure faction of N 2 in He-N 2 gas mixture, the maximum pressure ratio increases gradually, but the maximum pumping speed decreases linearly. The flow field characteristics are simulated at zero net flow. The pressure distribution of contour lines indicates that the pressure drop is more evident in the outlet in comparison to other regions. The pressure fractions of N 2 and He vary from inlet to outlet linearly. The particle traces show the existence of two large swirl patterns, one is formed by the N 2 flow and another one is formed by the He flow. The swirl center of N 2 flow is in lower and outer position compared with the swirl center of He flow because of its higher molecular mass.
